INTRODUCTION
Seismic hazard may be analyzed using an empirical-statistical approach, which is based on historical data, or a deterministic approach, when a particular scenario is assumed, or a probabilistic approach, in which uncertainties in earthquake size, location, and time of occurrence are explicitly considered. A hybrid method in which the advantages of both deterministic and probabilistic methods are involved ͑Costa et al. 1993͒ can also be used. The method of probabilistic seismic hazard analysis, the most commonly used procedure, is used for seismic hazard assessment in this study. For this purpose a uniform catalog of earthquakes, containing historical and instrumental events, covering the period from 11th century A.D. to 2003 is used. Twelve potential seismic sources are modeled as area sources in the study region. Seismicity parameters are evaluated using the method in which magnitude uncertainty and incompleteness of earthquake data are considered. Seismic hazard assessment is carried out for a grid of 357 points with 0.1°intervals using the SEISRISK III computer program.
Based on modified methodology of probabilistic seismic hazard analysis, the present study makes available more reliable seismic hazard maps for the Kermanshah-Sanandaj region of western Iran, a boundary region between the Zagros and central Iran seismotectonic units, compared with any other existing maps. Two seismic hazard zoning maps based on PGA over bedrock for 10% and 63% probability of exceedance in 50 years are provided. The estimated PGA values for the region equal 0.35 g and 0.20 g for 475-and 50-years return periods, respectively.
TECTONIC SETTING
The Zagros fold-thrust belt as a part of the Alpine-Himalayan orogenic belt is one of the youngest and the most active continental collision zones on the earth ͑Snyder and Barazangi 1986͒; it extends for about 1,500 km from the Taurus Mountains in southeastern Turkey to the Minab Fault east of the Strait of Hormoz in southern Iran ͑Figure 1͒ ͑Mirzaei and Gheitanchi 2002͒.
The belt is a broad zone of continuing compressional deformation that experiences horizontal shortening of the basement on reactivated normal faults that stretched and thinned the basement of a continental margin on which the Mesozoic sedimentary cover was deposited ͑Jackson 1980; Berberian 1981 Berberian , 1995 Molnar and Chen 1982͒ . Two major faults dominate the tectonics of the northeastern boundary of the Zagros ͑Figure 1͒. The Main Zagros Reverse Fault has a northwest-southeast strike from western Iran to north of Bandar Abbas. To the northeast, the boundary feature consists of a series of right-lateral strike-slip faults called the Zagros Main Recent Fault. The Zagros Main Recent Fault is a prominent right-lateral strike-slip fault system with a northwest-southeast trend in the northeast Zagros border zone that is broadly parallel to, and younger than, the Main Zagros Reverse Fault. It is a major seismogenic structure that comprises several segments ͑namely, the Dorud, Nahavand, Garun, Sahneh, Morvarid, and Piranshahr faults͒ with different levels of seismicity. More intense seismic activity in the Zagros is concentrated along the Zagros Main Recent Fault, between 33°N and 35°N on the Dorud, Nahavand, and Sahneh segments, while the Morvarid and Piranshahr segments to the north show relative seismic quiescence ͑Tchalenko and Braud 1974, Berberian 1995͒.
Many authors believe that the Zagros Main Recent Fault dies out southward at about 31°N ͑e.g., Jackson and McKenzi 1984 , Jackson et al. 1995 , but there are some indications that it may extend southeastward ͑e.g., Baker et al. 1993͒ . The Sahneh Fault, which connects the Garun and Nahavand faults in the southeast to the Morvarid Fault in the northwest, is about 100 km long and strikes between 295°N and 300°N. The direction of the Sahneh Fault is exceptional compared to the other segments of the Zagros Main Recent Fault, which are characteristically at about 315°N ͑Tchalenko and Braud 1974, Mirzaei and Gheitanchi 2002͒.
MODIFIED METHODOLOGY OF PROBABILISTIC SEISMIC HAZARD ANALYSIS
The traditional methodology of probabilistic seismic hazard analysis, first defined by Cornell ͑1968͒, in practice meets with problems, mainly because of insufficient earthquake data available for seismicity study in potential seismic sources. To overcome such Figure 1 . ͑a͒ Map of active faults, selected focal mechanism solutions and meizoseismal regions of moderate and major earthquakes in Zagros ͑after Berberian 1995͒. ͑b͒ Macroseismic regions of earthquakes on the Zagros Main Recent Fault ͑after Tchalenko and Braud 1974͒. shortcomings and in order to properly reflect inhomogeneity of seismicity in time and space, the traditional methodology was modified by Chinese experts ͑e.g., Shi et al. 1992͒ . It includes three major steps:
1. Delineation of seismotectonic provinces and evaluation of seismicity parameters ͑b value, annual mean occurrence rate ͑͒, and maximum possible magnitude, M max ͒ in each seismotectonic province, 2. Determination of potential seismic sources; estimation of M max in the potential seismic sources and evaluation of spatial distribution function for each magnitude interval in each potential seismic source, and 3. Dividing the interest region into a series of grid points and assessment of seismic hazard for every grid point, using characteristics of seismic activity in seismotectonic provinces and potential seismic sources through an earthquake ground motion attenuation relationship.
In this study the modified methodology of probabilistic seismic hazard assessment ͑PSHA͒ is applied to construct seismic hazard zoning maps of the KermanshahSanandaj region. The earthquake database is compiled from different sources, such as ISC, USGS/ NEIC, and the catalog of earthquakes provided by Ambraseys and Melville ͑1982͒, as the basic source of parameters for the early instrumental time period ͑1900-1963͒, and by Ambraseys ͑1988, 1989͒.
SEISMIC SOURCE REGIONALIZATION
Potential seismic source regions are chosen mainly based on seismogeological indications. Using tectonic information of the region and epicenter distributions of earthquakes together with other available geological and geophysical information, seismic source zones are determined ͑Figure 3͒. Possible rupture segments may be reflected by structural discontinuities of the fault, especially where strike-slip tear faults intersect and offset the thrust, or at the ends of overlapping imbricate faults, changes in orientation of the fault, intersections with branch faults, abrupt changes in dip, changes in net slip ͑Knuepfer 1989͒, and changes in spatial pattern of seismicity ͑Ye et al. 1995͒.
The Zagros Main Recent Fault segments with different levels of seismicity are considered different potential seismic sources. The Sahneh segment of Main Recent Fault may be divided into three sections: Sahneh Fault, Dinavar Fault, and Sartakht Fault. Twelve area sources are delineated in the study region ͑Figure 3͒.
MAXIMUM MAGNITUDE DETERMINATION
Once the seismic sources are determined for an area considered for seismic hazard evaluation, the next step is to determine the maximum earthquake magnitude for each seismic source. There are two ways to do this. One is the maximum historical earthquake 178 E. SHABANI AND N. MIRZAEI procedure. As a rule-of-thumb, the maximum historical earthquake is increased by half a magnitude unit, or determined through a recurrence relationship.
The second method for determining maximum magnitude earthquake in a seismic source zone for the purpose of seismic hazard modeling is the fault rupture length procedure. In this regard, the most common feature is the surface rupture length. Usually, lengths of fault segments are used for determining maximum magnitude earthquake in a seismic source zone. The empirical relationships proposed by Wells and Coppersmith ͑1994͒ are the most commonly used relationships. The relationship we have used in this study is as follows:
where L is the surface rupture length in km. Since M w is available only for a portion of earthquakes and it agrees well with M S for earthquakes below the saturation level ͑Kan-amori 1977͒, the M S magnitude, which is the only cited magnitude for older earth- quakes, is considered an appropriate magnitude scale for seismic hazard assessment in this study. Table 4 shows the M max in the potential seismic sources of the study region and surrounding areas which are determined by the two above methods. 
SEISMICITY PARAMETERS IN SEISMOTECTONIC PROVINCES
The first basic step in the probabilistic seismic hazard analysis method, as first defined by Cornell ͑1968͒, is to delineate potential seismic sources; the second step is to perform statistical analysis of the seismicity in each potential source.
Computation of the regression constants for a seismic zone whenever the earthquake catalog is complete is commonly accomplished using the methods of Gutenberg and Richter ͑1954͒ and Richter ͑1958͒. The classical description of seismic activity is based on the seismic activity rate, , which is equal to the number of events with magnitudes equal or greater than a defined magnitude level, say M 0 , during a specified time period, T; the parameter b ͓or ␤, ␤ = b ln 10͔; and sometimes the maximum magnitude, M max ͑Kijko and Funk 1994͒.
The magnitude density distribution function is usually taken as follows:
where M min is the threshold magnitude of completeness and M max is the maximum possible magnitude.
The study region is located in two major seismotectonic provinces: the Zagros and the Central-East Iran ͑Figure 4͒. According to Mirzaei et al. ͑1997b͒ , the years in which there was first complete reporting of earthquakes in the Zagros and Central-East Iran seismotectonic provinces are given in Table 1 . The Zagros province can be divided into two subprovinces, along the Kazerun-Borazjan faults with a south-north trending ͑Fig-ure 5͒, namely, North Zagros and South Zagros subprovinces. The catalog of earthquakes has been made uniform using the following relationships between M s and m b defined for the North Zagros subprovince ͑Figure 6͒ and Central-East Iran ͑Mirzaei et al. 1997b͒ in Equations 3 and 4, respectively:
In the study region we encountered an incomplete earthquake catalog. The procedures introduced by Kijko and Sellevoll ͑1992͒, which permit incorporation of magnitude uncertainty to estimate seismicity parameters from incomplete data files, are applied to the uniform catalog of earthquakes for estimating the seismicity parameters. Results of the estimation of seismicity parameters from recorded earthquakes in the North Zagros and Central-East Iran provinces are presented in Tables 2 and 3 , respectively.
SEISMICITY PARAMETERS IN THE POTENTIAL SEISMIC SOURCES
Because of insufficient earthquake data available for seismicity study in each potential seismic source, the traditional procedure proposed by Cornell ͑1968͒ in practice meets with problems. To overcome the problems, seismicity parameters of the seismotectonic province is defined first, then it is allocated to each magnitude interval in the corresponding potential seismic source, using spatial distribution function ͑Shi et al. 1992, Mirzaei 1997͒.
Annual Mean Occurrence Rate of Earthquakes in the Potential Seismic Sources
Generally, in seismic hazard analysis, annual mean occurrence rate of earthquakes in potential seismic sources is calculated by definite integration on magnitude-frequency relation. This method cannot reflect spatial inhomogeneity of seismicity. To fulfill this problem and to overcome insufficient earthquake data, revealing a more realistic activity rate of small and large-magnitude earthquakes in the potential seismic sources, the concept of spatial distribution function for specified magnitude intervals has been intro- Figure 5 . Zagros province can be divided into two subprovinces along the Kazerun-Borazjan fault zone with a south-north trend ͑Berberian and Yeats 1999͒. For the lth potential seismic source in the seismotectonic province, the annual mean occurrence rate of the jth magnitude interval is as follows ͑Gao 1998, Shi et al. 1992͒ :
where l,m j and f l,m j are the annual occurrence rate and spatial distribution function of the jth magnitude interval in the lth potential seismic source, respectively.
The Spatial Distribution Function
In order to properly reflect the inhomogeneity of seismicity in time and space, and to avoid underestimation of potential hazard of large magnitude earthquakes, the annual mean occurrence rate of earthquakes in seismotectonic province should be allocated to each magnitude interval in the corresponding potential seismic sources, using the spatial distribution function. Different kinds of seismological, tectonic, and geophysical data can be used to indicate the possible future earthquake activities in the interest region, providing basis for evaluation of spatial distribution function ͑Mirzaei et al. 1997a͒. In the study region, some controlling factors are considered in the evaluation of spatial distribution function:
• The reliability of delineation of potential seismic sources. Inside a seismotectonic province, there is no the same degree of reliably in delineation of potential seismic sources. For some sources there are sufficient indications ͑geological, tectonic, seismicity, and so forth͒, to delineate source zone boundary reliably, while for others, boundaries are inferred from indirect indications ͑magnetic lineaments, geomorphology, and so forth͒. Therefore, the reliability of each potential seismic source is determined by sufficiency of knowledge in delineation of potential seismic source. • Tectonic setting of potential seismic sources. Seismic activity is localized mainly in major fault systems along plate boundaries, which are sites of plate interactions, whereas intraplate environments show more stability and more strength than interplate regions. So, whether the potential seismic source is located along the plate boundary or in the interior of the plate, it is used as a key factor in the evaluation of possible relative activity in potential seismic sources.
• Structural elements. Structural elements include faults, folds, magnetic lineaments, active basins, and so forth; their extent and activity level may be used as basis to judge levels of future seismic activity for a selected magnitude interval. Geological and tectonic maps, seismotectonic maps together with available information on active tectonics and earthquake-related structures are used as a database to evaluate this factor in potential seismic sources of each seismotectonic province.
• Characteristics of seismic activity. Because of local differences in physical properties of the earth's crust, distribution of large and small earthquakes may not be the same in a seismotectonic province. It is of fundamental importance to quantify and reflect such differences of seismic activity in seismic hazard analysis. This regional variation is generally accepted, but there is no appropriate method to clearly recognize and quantify such differences. To incorporate this important element in seismic hazard analysis, it is assumed that seismic history of the region may, in part, reflect differences of physical properties. It is worth noting that because of incompleteness of the available data and uncertainties in different earthquake parameters, recorded earthquakes cannot fully show such differences; therefore, in consideration of this factor, special attention should be paid to reliability of earthquake records ͑Mirzaei 1997͒.
The calculation of spatial distribution function based on the controlling factors is formulated by the method of equal weight summation given by Yan ͑1993͒, as follows:
• For the selected factor k, and each magnitude interval m j , in the lth potential source, a distribution coefficient W lm j k is assigned.
• In each seismotectonic province the distribution coefficient is normalized to obtain the factor load:
• Loads of controlling factors in each potential source are used to define total load, R lm j , which is simply the sum of factor loads:
• The total load R lm j is normalized in each province to obtain the spatial distribution function for the jth magnitude interval in the lth potential seismic source:
E. SHABANI AND N. MIRZAEI
The total limits for Equations 7-9 are as follows: the selected factor k in our study changes from 1 to 4, and m j is the magnitude intervals as shown in Table 4 . The number of potential sources, l, ranges from 1 to 27. The results are presented numerically in Table 4 and graphically in Figure 7 .
Background Earthquake
In the regions in which lack of information does not allow for delineation of potential seismic sources, and even in areas where active faults are defined, it is necessary to model background earthquake ͑background seismicity͒. In the concept of background seismicity, small and moderate-sized earthquakes may occur in the defined area randomly. In this study, background earthquake value is defined as 5.5 ͑Figure 7͒. 
ATTENUATION RELATIONSHIP
Since the attenuation relationship highly influences the results of seismic hazard analysis, the choice of a ground motion attenuation model is of great importance. However, because of inadequacy of usable data, there is not a well-constrained attenuation relationship for Iran. Therefore, a selected average worldwide attenuation relationship is used in this study.
PGA is the most commonly used ground motion parameter for the seismic hazard studies. The present study involved use of the following attenuation relationship developed as a world average by Ambraseys et al. ͑1992͒: Log͑PGA͒ = − 1.038 + 0.22M − 0.00149r − 0.895 log r ͑10͒ and PGA is in cm/ s 2 , M is surface wave magnitude, r is the minimum distance from the site to rupture plane in km, h 0 = 5.7, and d is the epicentral distance in km.
SEISMIC HAZARD ANALYSIS
Numerous seismic hazard forecasting models were developed within the last several decades. The simplest widely used model is the Poisson model with the assumptions that seismic events are spatially and temporally independent and the probability that two seismic events will take place at the same location and at the same time approaches zero ͑Kayabali 2002͒.
Most of the seismic hazard models presume that seismic sources are homogeneous, that is, every point within the same seismic source has equal probability of being an epicenter for a future earthquake. This assumption yields, on the other hand, seismic hazard outputs causing dramatic changes at the borders of seismic zones. Bender and Perkins ͑1987͒ proposed the concept of "earthquake location uncertainty" to provide a smooth transition of probability or seismic hazard from the seismic source to the adjacent areas. They assume that each point within the zone is regarded as the mean or the most likely location of a future earthquake; the locations of actual earthquakes are normally distributed with standard deviation about their mean locations ͑Kayabali 2002͒.
The computer program SEISRISK III ͑Bender and Perkins 1987͒ is used for seismic hazard estimation in this study. SEISRISK III computes maximum ground-motion levels that have a specified probability of not being exceeded during a fixed time period at each of a set of sites uniformly spaced on a two-dimensional grid.
Seismic zoning maps of the Kermanshah-Sanandaj region for 10% probability of exceedance ͑return period of 475 years͒ and 63% probability of exceedance ͑return period of 50 years͒ are presented in Figures 8 and 9 , respectively.
To compare the results with other works, a seismic macrozonation hazard map of Iran, Standard 2800 ͑BHRC 2005͒, is added as Figure 11 . The seismic zoning map of the Kermanshah-Sanandaj region with 10% probability of exceedance in 50 years ͑Figure 8͒ shows good compatibility in PGA values with Figure 11 .
The results show a good agreement with active faults of the region. These active faults have been causative of some large and damaging earthquakes. The Sahneh and Nahavand faults are responsible for several documented destructive earthquakes in historical and instrumental time periods ͑e.g., Tchalenko and Braud 1974, Berberian 1994͒ . Moreover, archeological excavations provide some indications of much earlier destructive earthquakes in the region ͑Tchalenko and Braud 1974, Ambraseys 1974͒. A destructive earthquake on 27 April 1008 devastated the important city of Dinavar. The city was completely destroyed and lost more than 16,000 people. The magnitude of this earth-quake, one of the most intense earthquakes in the Zagros, has been estimated to be Ms= 7.0 ͑Ambraseys and Melville 1982͒. A large earthquake of magnitude Ms= 6.5 strongly shocked the same region in September 1107 ͑Ambraseys and Melville 1982͒. The Farsinaj earthquake on 13 December 1957 with m b = 6.5, and equally with M s = 6.7, occurred close to the northeastern boundary of the Zagros. Field investigations show that the earthquake occurred on a buried fault, probably a continuation of the Nahavand Fault ͑Mirzaei and Gheitanchi 2002͒. A destructive earthquake of magnitude m b = 6.2, and Ms= 6.6, occurred in the Firuzabad district of Nahavand on 16 August 1958; this was preceded by a relatively large foreshock of Ms= 5.7 on 14 August 1958. 
CONCLUSIONS
In order to calculate seismic hazard for different return periods in probabilistic procedure for the Kermanshah-Sanandaj region, an area encompassed by the 46-48°E longitudes and 34-36°N latitudes has been divided by 0.1°intervals generating 357 grid points. Using 12 delineated seismic sources in the Kermanshah-Sanandaj region as well Estimated values of M max in potential seismic sources range from 6.5 to 7.5. The final products of the study are presented as two iso-acceleration maps for 10% probability of exceedance in 50 years ͑475 years return period͒ and 63% probability of exceedance in 50 years ͑50 years is the lifetime of the structures to be designed in the site͒. According to the obtained results, the most earthquake-prone part of the study region includes the Dinavar and Sahneh Fault segments of the well-known Zagros Main Recent Fault in the boundary zone of the Zagros and Central-East Iran seismotectonic provinces. The PGAs for this region are estimated to be 0.35 g and 0.20 g for 475 and 50 years return periods, respectively. 
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APPENDIX
Three examples are given showing the exact factors chosen for source zones and the reasoning for these choices: As explained earlier, for the selected factor k ͑e.g., Tectonic Setting factor͒ in the lth potential source, a distribution coefficient is assigned ͑the T.F. column in Table A1͒ . In each seismotectonic province the distribution coefficient is normalized to obtain the factor load ͑the N.T.F. column in Table A1͒ .
The loads of controlling factors in each potential source are simply the sum of factor loads ͑the SUM column in Table A1͒ .
According to Yan ͑1993͒ and Mirzaei et al. ͑1997͒, the activity factor in each magnitude interval is assigned according to the number of earthquakes occurred in each potential source. We have assigned a small amount for activity factor in each magnitude interval even if there is no earthquake in that magnitude interval.
The total load ͑N.SUM+N.A.F.͒ is normalized in each province to obtain the spatial distribution function for the jth magnitude interval in the lth potential seismic source. That is, these factors add up to one for a given province. Of course, the factors given in Table A1 may differ for different magnitude intervals.
Potential sources 5, 6, and 7 all are along the Main Recent Fault ͑Figure 10͒ and as Table A1 shows, their tectonic setting and structural element factors are the same. So as these potential seismic sources are located along the plate boundary, it is a key factor in evaluation of possible relative activity in potential seismic sources. Geological and tectonic maps, seismotectonic maps together with available information on active tectonics and earthquake-related structures are used as a database to evaluate the structural element factor in these potential seismic sources. The reliability of each potential seismic source is determined by the sufficiency of knowledge in the delineation of potential seismic sources, so the reliability of delineation of these potential seismic sources is not the same.
